Cold stenothermal insects living in glacier-fed streams are stressed by temperature variations 17 resulting from glacial retreat during global warming. The molecular aspects of insect response to 18 environmental stresses remain largely unexplored. The aim of this study was to expand our 19 knowledge of how a cold stenothermal organism controls gene expression at the transcriptional, 20 translational, and protein level under warming conditions. Using the chironomid Diamesa tonsa as 21 target species and a combination of RACE, qPCR, polysomal profiling, western blotting, and 22 bioinformatics techniques, we discovered a new molecular pathway leading to previously overlooked 23 adaptive strategies to stress. We obtained and characterized the complete cDNA sequences of three 24 heat shock inducible 70 (hsp70) and two members of heat-shock cognate 70 (hsc70). Strikingly, we 25 showed that a novel pseudo-hsp70 gene encoding a putative long noncoding RNA (lncRNA) which 2 26 is transcribed during thermal stress, acting as a ribosome sponge to provide post-transcriptional 27 control of HSP70 protein levels. The expression of the pseudo-hsp70 gene and its function suggest 28 the existence of a new and unexpected mechanism to cope with thermal stress: lowering the pace of 29 protein production to save energy and optimize resources for recovery. 30 31 change 3 33 4 58
Introduction 34 Understanding how freshwater species potentially react and adapt to climate change is a major 35 challenge in predicting future biodiversity trends [1] . This is particularly important in high mountain Total RNA of Diamesa tonsa larvae was extracted according to the Trizol protocol (Thermo Fisher 140 Scientific) and the quantity and quality assessed as described above. 1 μg of total RNA was first 141 retrotranscribed with primers supplied in the kit and this first-strand cDNA was used directly in PCR 142 amplification reactions that were achieved using a high-fidelity enzyme (KAPA HiFi DNA 143 Polymerase, Kapa Biosystems), the Universal Primer Short (UPS, supplied by the kit), and gene- (Dc-hsp70), KC860255 (Dc-hsc70-I) and KC860256 (Dc-hsc70-II). When sequences were deposited, 155 they were ascribed to a Diamesa cinerella gr., referred to as Dc-, only successively was the species 156 identification confirmed as D. tonsa. Throughout the paper we decided to refer the genes to the Curve for the presence of primer dimer) and relative expression levels were calculated using the Gene copy number analysis 224 The relative copy number for hsp70 with and without intron was estimated by Real-Time PCR 225 analysis using SYBR Green dye. Two pairs of primers that specifically recognize hsp70 with intron 226 (Intron-F and Intron-R, Table 1 ) or hsp70 without intron (Hsp70 no intron-F and Hsp70 no intron-R, 
Results

235
Cloning, sequencing, and characterization of the Dt-hsp70 transcripts 236 For detailed study of the HSR of Diamesa tonsa, we produced the complete sequences of hsp 237 transcripts in this organism. We cloned the hsp transcripts, using degenerate primers based on a 238 conserved region of insect's hsp70, and performed RACE PCR to amplify cDNAs. With this 239 approach we successfully obtained sequences for three unique transcripts ( Figure 1A and 240 Supplementary Figures 1, 2) . The nucleotide sequence of the first transcript was highly homologous 241 to the well-known hsp70 inducible isoform ( Figure 1A , Dt-hsp70). The remaining transcripts were 242 likely the constitutive isoforms ( Supplementary Figures 1, 2 and Polypedilum vanderplanki (HM589530.1). Similarly, we found that Dt-hsc70-II shared the 249 highest homology with P. vanderplanki (HM589531.1) and Acyrthosiphon pisum 250 (NM_001162948.1).
251
The alignment of deduced amino acid protein sequences resulted in characteristic hsp70 family 252 motifs, further supporting our hypothesis that these transcripts are bona fide products of the hsp70 253 gene ( Figure 1A and Supplementary Figure 1A) . In particular, we found the motifs IDLGTTYS, 254 DLGGGTFD, and IVLVGG and the cytoplasmic hsp70 carboxyl-terminal region (EEVD) in the case 255 of Dt-hsp70 and Dt-hsc70-I. In Dt-hsc70-II we also found the characteristic ER localization signal 12 256 (KDEL) at the C-terminus ( Figure 1A and Supplementary Figure 1A) . A summary of the 257 characteristics of all sequences and their deduced proteins is displayed in Table 2 . 258 Next, using both the nucleotide and the amino acid sequence of Dt-hsp70, we obtained two 259 phylogenetic trees ( Figure 1B and 1C) . Interestingly, Dt-hsp70 clustered with the hsp70 of the Identification of a novel hsp70-pseudogene encoding a putative lncRNA 266 While analysing the response of the Dt-hsp70 transcript to heat stress for 1 h and at 15°, 26°, and 267 32 °C and using primers for Dt-hsp70, we serendipitously observed that two amplicons were 268 produced from cDNA amplification ( Figure 2A and Table 1 ). The unexpected second PCR amplicon 269 was about 400 bp longer than the expected one and was observed exclusively in larvae exposed to 270 heat stress. Intrigued by these results, we cloned and sequenced this alternative transcript and 271 compared it to Dt-hsp70 ( Supplementary Figure 3) . This alternative transcript has a short intron of 272 404 bases (from nucleotide 421 to 854, donor site from nucleotide 421 to 435 [prediction score = 273 0.96]; acceptor score from nucleotide 835 to 875 [prediction score = 0.98]) and a polyA tail 274 following nucleotide 1239. In human, hsp70 pseudogenes can act as long nc-RNAs. Thus, we 275 suspected this novel transcript to have similar characteristics. To test this hypothesis, we used a 276 computational prediction tool [36] to calculate the probability of our novel transcript being a 277 lncRNA. As control we used the same tool on the Dt-hsp70 transcript and obtained that Dt-hsp70 is 278 classified as a coding transcript with coding probability 1, Fickett score 0.41216, complete putative 279 ORF of 635 aa in length, and a pI 5.67, in agreement with data shown in Table 2 . Strikingly, the 13 280 novel Hsp70 transcript was classified as a noncoding sequence with coding probability 0.300294, 281 Fickett score 0.36989, a complete putative ORF of 110 aa, and a pI 8.70.
282
Next, we wanted to understand if this transcript represents an additional isoform of the hsp70 gene or 283 an as yet uncharacterized gene. To answer this question we extracted genomic DNA from D. tonsa 284 larvae and probed using primers that include the additional sequence, 404 bp long. The amplification 285 clearly showed two bands ( Figure 2B ). The shorter band was about 300 bp long while the longer 286 band and fainter band was observed at about 700 bp, i.e. the difference in the length is exactly what 287 we would expect in the case of two genes. This result suggests that these two transcripts are 288 associated with two different genes in the D. tonsa genome. To further prove that this is the case, we 289 calculated the relative intensity of the two bands, finding the Dt-hsp70 to be exactly two-fold more 290 intense than the alternative transcript ( Figure 2C ). This result suggests that two independent genes 291 encode these transcripts. Moreover, these genes are represented at different copy number in the 292 genome as demonstrated by the Gene Copy Number analysis by qPCR ( Figure 2C ).
293
Summarizing these results, we found that: i) in addition to the hsp70 gene, D. tonsa has a putative 294 hsp pseudogene; ii) this gene encodes at least one transcript containing an insertion with respect to 295 the Dt-hsp70; iii) the transcript has a partial overlap with the full length Dt-hsp70; iv) this transcript 296 is likely a lncRNA. Given these characteristics, we named this gene Dt-Ps-hsp70.
298
Multi-level analysis of changes in gene expression during thermal stress 299
To address the question of how D. tonsa adapts to thermal stress at the molecular level, we studied 300 the gene expression changes in Dt-hsp70, hsc70-I, and hsc70-II induced by high temperature (15, 26, 301 and 32 °C) in mature larvae. We hoped to set up the most complete experimental design to date for 302 this organism and addressed the question by monitoring changes at the transcriptional, translational, 303 and protein levels ( Figure 3A) . We extracted total RNA, polysome-associated RNA, and proteins 304 from larvae exposed to 15, 26, and 32 °C. We studied all three levels of gene expression in the case 14 305
of Dt-hsp70 and the transcriptional and translational level for Dt-hsp70-I and II. 306 We found that Dt-hsp70 and Dt-hsc70-I were significantly up regulated at 26 and 32 °C (p < 0.001), 307 while a slight, but still statistically significant, decrease was observed for Dt-hsc70-II at 26 °C 308 ( Figure 3B) . The most dramatic transcriptional changes were observed for Dt-hsp70. A slight but 309 significant positive change was observed in Dt-hsc70-I at 26 and 32 °C. Dt-hsc70-II did not change 310 its recruitment on polysomes ( Figure 3C ). Interestingly Dt-hsp70 showed strong variability among 311 the four thermal stresses, with a decrease in mRNA recruitment at 15 °C (p < 0.001) and an increase 312 at 32 °C (p < 0.001) ( Figure 3C ). Interestingly, at 26 °C, when the transcriptional up-regulation is at 313 its maximal level ( Figure 3B) , no changes were observed at the polysomal (i.e. translational) level. 314 This result suggests that, despite robust transcriptional activation, the protein is likely not produced.
315
To test this hypothesis, we focused our attention on this transcript and studied the protein level by 316 Western Blotting from total protein extracts ( Figure 3D ). GAPDH was used as protein loading To test this hypothesis, we studied the changes of Dt-Ps-hsp70 at both the transcriptional and 330 translational level by qPCR ( Figure 4A and B) , using conveniently designed primers (Supplementary 331 Figure 4B and Table 1 ). An increase in the expression of Dt-Ps-hsp70 at transcriptional level was 332 detected at 26 °C and 32 °C (p < 0.001) ( Figure 4A ), similar to observations of Dt-hsp70 ( Figure   333 3B).
334
This transcript was uploaded on polysomes, with a positive fold-change with respect to the control, 335 exclusively at 26 °C ( Figure 4B ). Next, we calculated the relative variations of translational and 336 transcriptional changes (Translation Efficiency (ΔTE) in Figure 4C ). A statistically significant 337 increase in the ΔTE was observed in larvae stressed at 26 °C (p < 0.001) and 32 °C (p < 0.05).
338
Strikingly, the most robust up-regulation was at 26 °C, precisely when we observed the strongest 339 uncoupling of transcription and translation in Dt-Ps-hsp70 ( Figure 4D ).
340
Taken together these results suggest that the Dt-Ps-hsp70 transcript likely competes with the Dt-341 hsp70 transcript for ribosome recruitment, leading to attenuation of the global efficiency of HSP70 342 production at 26 °C and suggesting that Dt-Ps-hsp70 acts as a ribosome sponge to modulate the 343 protein synthesis of HSP70. 
